Abstract-In this letter, we present a method to eliminate the influence of the RC-constant in transient photocurrent measurements on organic photodiodes and solar cells. With this technique, it is possible to reconstruct the conduction current from measurements and extract relevant charge transport parameters. This is demonstrated by the application of this method on RC-dominated measurements of transient photocurrent responses on organic photodiodes revealing the power law decays being typical for dispersive charge transport in the conduction current. Vice versa, our approach allows us to simulate the impact of an optional RC-constant on simulation data, which is generated neglecting the serial resistance of real devices.
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I. INTRODUCTION
A COMMON technique to determine the electronic properties of organic solar cell materials is to build small scale photodiodes and to measure the transient photocurrent response to a short laser pulse. Well known approaches are time-of-flight (TOF) [1] , [2] and charge carrier extraction by linearly increased voltage (CELIV) [3] . Because TOF requires higher layer thicknesses than typical for solar cells, this method can not be applied to ordinary organic solar cell structures. Measurements of the photocurrent response on organic photodiodes comprising usual layer thicknesses are on the other hand strongly influenced by the parasitic geometric capacitance which together with the load and series resistances forms an RC-circuit [4] . The pulse responses cannot decay faster than the time constant given by the RC-parameters thereby limiting the meaningfulness of the measured data. These limitations also apply to CELIV measurements [3] . While simulations can cope with this limitation by accounting for the RC-effects [3] , [5] - [7] , a simple parameter extraction method by curve fitting is problematic due to the severe deformations in the RC-limited time regime [8] .
Since theoretical descriptions of charge carrier transport phenomena in organic semiconductors refer to the conduction current the latter has to be extracted from the measured current to directly obtain information about the transport parameters. Therefore, we here introduce a method to mathematically reconstruct the conduction current from the measured curves by subtracting the displacement current generated by the device capacitance, thereby eliminating the RC influence. Our method is schematically presented in Fig. 1 . We use simulations to illustrate our method and afterward we apply the method to measured data of organic photodiodes. We compare these results to the power law decays observed in organic semiconductors [2] , [9] , which is manifested in two straight lines in double logarithmic plots corresponding to power law decays.
II. METHOD
The transient current of a photodiode measured over an external resistance as depicted in Fig. 2 (c) has two different origins: the transport of the charge carriers within the device and the charge and discharge of the geometric capacitor which collects the surface charge carriers. Thin film organic photodiodes exhibit a large parallel capacitance formed by the electrodes with the organic absorber material acting as a dielectric schematically shown in Fig. 2 The external current can be described by the following formula
with the conduction current i cond generated by moving charge carriers within the semiconductor and the displacement current i dis (t) = Cu (t), with the device capacitance C and the derivative of the voltage across the electrodes u. The external current i tot is directly proportional to the voltage drop u L measured over the load resistance R L in the oscilloscope:
The voltage between the electrodes u is given by considering the serial resistance R S and the bias voltage u B as
The displacement current can be calculated via Eq. 2 and Eq. 3 as
A. Reconstruction of Conduction Current
Substituting Eq. 4 and Eq. 2 in Eq. 1 gives the total conduction current as
which now only depends on the total current proportional to the measured voltage, the known bias voltage, the load-and series-resistance, and the device capacitance. In our case the bias voltage is constant and its derivative is therefore zero.
In a time discrete treatment, we use the approximatioṅ
where k is the index of the measurement sample in the recorded time series and t k the corresponding time.
In real measurements, the measured voltage is noisy. Moreover, the numerical derivative emphasizes the high frequency components of the noise especially for the later part of the pulse response when the absolute current is very low. We can reduce this noise in logarithmic scale by averaging the current values around specific time values. For larger time values an increasing number of samples is averaged thereby dynamically decreasing the noise level.
B. Reverse Application
In addition, the presented method to remove the RC-limitation can also be applied in the reverse direction. This can be used for simulations which do not consider external resistances and which deliver the conduction current. To compare these results with measurements, the RC-effects must be considered. We can do this by integrating Eq. 5 under the assumption of a constant bias voltage as
An appropriate numerical implementation for this integral is given by
with RC being the RC-constant of the measured device (R L + R S ) · C. Using Eq. 8 on simulated conduction currents now allows to predict the total currents which are obtained by measurements.
III. SIMULATIONS
For the simulation of the transient photocurrent response of organic photodiodes the absorption profile and thus the charge carrier generation profile during laser illumination within the active layer of the OPD is calculated. These optical simulations are done by a transfer-matrix method [5] . The charge carrier transport in OPDs is simulated by a 1-D drift-diffusion approximation [5] . Our model has been extended for multiple charge carrier trapping to account for specific transport phenomena in organic semiconductors and yields excellent agreement between experimental and simulated results [6] . Our comprehensive (and time consuming) simulations optionally consider the voltage drop at an external resistance at runtime of the simulation and hence can handle the influence of the displacement current. For this purpose, we choose the previously used relative dielectric constant of 3.4 in the simulations [5] , [6] together with an contact resistance of 15 [4] in addition to the load resistance of 50 . 
IV. EXPERIMENT
We use experimental data on organic photodiodes comprising a blend of poly(3-hexylthiophene-2, 5-diyl) (P3HT) and [6] , [6] -phenyl-C61 butyric acid methyl ester (PCBM) similar to the measurements used in Ref. [4] . The devices have a circular shape and a diameter of 1.6 mm as shown in Fig. 2(a) . The photodiodes are excited using 1.1 ns short laser pulses at a wavelength of 532 nm. Constant bias voltages of 0 V and −5 V are applied. An oscilloscope with a sampling rate of 4 GHz and an impedance of 50 records the transients. The measurement, the simulation results and the following calculations are based on this sampling rate resulting in a time grid of 0.25 ns.
V. RESULTS AND DISCUSSION

A. Simulation Results
Before applying our method to experimental data we first investigate the applicability of the approximation in Eq. 6 on simulation results. We use simulations for a 65 nm absorber layer thickness and an applied voltage of −5 V shown in Fig. 3 . The application of Eq. 5 and Eq. 6 on the RC-limited simulation reproduces the original conduction current i cond very well.
The data from real measurements are usually noisy. Due to this additional noise, derivation of the signal without further treatment is problematic. In order to show that our method is indeed capable to reconstruct the conduction current under these circumstances as well, we simulate this situation by adding white Gaussian noise with an amplitude of 10 −4 mA to the simulated device current i total,noise and calculate the conduction current i cond,calc using Eq. 5 and Eq. 6. The result is plotted versus the noise free, simulated conduction current in Fig. 4 . Because of the high pass character of the derivation used, the noise in the total current (black line) gets amplified in the reconstructed conduction current (gray line) and we need to employ the logarithmic averaging method in order to obtain good results. The result of the averaging method i cond,calc,logavg (+) reduces the noise even below the level in the original signal and therefore allows the reconstruction of i cond in logarithmic scale with great accuracy.
B. Experimental Results
The averaged measurement results for the two layer thicknesses at 0 V bias voltage are shown in Fig. 5 (continuous line). We show the results for zero bias voltage because in this case the charge extraction is slower and corresponding features are better resolved. For these devices, we have determined RC-constants of 43.3 ns and 20.9 ns for 65 nm and 165 nm device thickness, respectively. To eliminate the impact of the RC-constant we reconstruct i cond from the measurement data. The transient photoinduced conduction current in a semiconductor exhibiting dispersive transport follows two power law decays [2] , [9] . One being approximately proportional to t −1+α while the other is proportional to t −1−α with α being a parameter for the energetic trap distribution in the disordered semiconductor. This behavior manifests itself in two straight lines in a double logarithmic plot. For both device thicknesses, the expected behavior can be seen and the corresponding exponents determined by linear regression on the logarithmic data before and after the kink are −0.51 and −1.59 for 65 nm and −0.34 and −1.62 for 165 nm device thickness. These values are in good agreement with the theory of dispersive charge carrier transport assuming an exponential trap distribution [9] . The results yield characteristic energies of approximately 47.3 meV and 39.6 meV for 65 nm and 165 nm, respectively, under the assumption of an exponential trap distribution for the electrons. The differing values may be caused by thickness dependent morphology and in conjunction with morphology dependent energy disorder [10] and are in the range of values obtained by parameter fits relying on simulations for the same absorber material [6] , [11] . Further discussion of these effects are beyond the scope of this publication. When looking at the total current in Fig. 5 it is apparent that the extraction of the steepness of the curve from the uncorrected total current would not have been possible. Therefore, the reconstruction of the conduction current is an important tool for parameter extraction from RC-limited measurements.
VI. CONCLUSION
In conclusion, we have presented a method to modify or remove the influence of the RC-constant from transient measurement results. This allows for the extraction of the conduction current from RC-limited measurements. Vice versa we can use this method to add RC-effects to simulations which were carried out assuming constant field conditions in order to make the results comparable to real device measurements. The applicability on real measurements was demonstrated using two photodiodes with different RC-constants revealing the predicted power law decay in the conduction current.
We believe that this method can find wide application in transient measurements on organic photodiodes and organic solar cells which generally are fabricated with a larger active area resulting in even stronger RC-limitations. We expect that this method is also useful for transient measurements such as CELIV which have been shown to be influenced by the external resistance [3] .
